The rapid accumulation of fully sequenced prokaryotic genomes provides unprecedented information for biological studies of bacterial and archaeal organisms in a systematic manner. Operons are the basic functional units for conducting such studies. Here, we review an operon database DOOR (the Database of prOkaryotic OpeRons) that we have previously developed and continue to update. Currently, the database contains 6 975 454 computationally predicted operons in 2072 complete genomes. In addition, the database also contains the following information: (i) transcriptional units for 24 genomes derived using publicly available transcriptomic data; (ii) orthologous gene mapping across genomes; (iii) 6408 cisregulatory motifs for transcriptional factors of some operons for 203 genomes; (iv) 3 456 718 Rho-independent terminators for 2072 genomes; as well as (v) a suite of tools in support of applications of the predicted operons. In this review, we will explain how such data are computationally derived and demonstrate how they can be used to derive a wide range of higherlevel information needed for systems biology studies to tackle complex and fundamental biology questions.
Introduction
The rapid advancement of genome-scale sequencing techniques in the past decade has made it possible to have a microbial genome sequenced in a highly efficient and affordable manner. It has now become routine to have such genomes sequenced by individual labs. To date, 6917 complete genomes and 40 257 draft genomes have been sequenced and organized into the NCBI Genome database. In addition, 5415 complete prokaryotic genomes and 43 348 draft genomes are stored at the JGI Integrated Microbial Genome and Microbiome Samples (JGI IMG/M) database (https://img.jgi.doe.gov/cgi-bin/m/main.cgi) [1] . Over 175 million genes have been computationally predicted in the sequenced prokaryotic genomes, with 171 million (97.7%) being protein-encoding genes and 4 million (2.3%) RNA genes. These genomic data have enabled studies of a wide range of complex and previously unsolvable questions in a systematic manner, such as inferring and modeling the dynamic behaviors of regulatory networks in prokaryotic organisms. These studies become possible because of the unique property of prokaryotes, functionally closely related genes tend to be organized into operons, i.e. clusters of genes arranged in tandem on the same strand of a genome, which share a common promoter and terminator [2] .
It is noteworthy to point out that the concept of operon has evolved since the discovery and characterization of the lac operon in Escherichia coli by French scientists Jacob and Monod in 1960 [2] . Based on the original definition, an extra technical criterion has been added to operon: operons encoded in a genome do not overlap with each other [3, 4] . This simplified definition has enabled computational scientists to predict operons based on genomic sequence(s) alone [5] . Therefore, all the complete prokaryotic genomes have their operons predicted. However, the downside is: these computationally predicted operons only represent a small subset of all the operons encoded in a genome. With the transcriptomic data becoming increasingly available for prokaryotes, researchers have realized that an operon may have different variations in terms of its component genes expressed under different conditions, termed transcriptional units (TUs) [6] . Clearly, full elucidation of all the TUs of an operon is considerably more challenging than sequence-based prediction of operons, as they are condition-dependent. Currently, there are no published algorithms for TU prediction based on genomic sequences alone, as such capability needs to be able to accurately identify promoter-terminator pairs that are used under varying conditions. TUs are now being identified through analyses of transcriptomic data collected under a few conditions only for a small number of genomes [7] . The current version of DOOR (the Database of prOkaryotic OpeRons) consists of both types of operons: operons predicted based on sequences and limited TUs identified using transcriptomic data [8] .
Because of serving as the basic functional and TUs as well as the backbones of TUs, operons are important elements for the study of gene regulation and functional adjustment to different environments. For example, some important pathways tend to be organized into a few transcriptionally co-regulated operons [9, 10] . Through these tightly co-expressed operons, the regulatory motifs can be identified, which in turn will reveal global regulatory circuits. Besides regulation of operons on a genome scale, comparative studies of these functional units can reveal pathway conservation and operon evolution among prokaryotes [11, 12] , and provide more accurate prediction of orthologous genes across different prokaryotic genomes [11] , compared with gene-centric methods for ortholog mapping. Furthermore, the positions of the operons in a genome and their functional association provide a unique and practical angle to demonstrate the global organizing principle in these organisms [13] .
In this article, we review the status of the DOOR database in terms of its basic content, as well as a suite of tools that enable the user to fully use the predicted operons and identified TUs for functional studies of a prokaryotic organism. Some major applications through some of the third-party work that has used DOOR are summarized. On this basis of DOOR and DOORsupporting tools, we will introduce operon regulation, evolution and organization on local and global scale in prokaryotes. The entire contents covered are illustrated in Figure 1 .
The DOOR database

Operon databases and DOOR
Owing to this fundamental importance, several operon databases have been developed and deployed for public service, including OperonDB [14] , ProOpDB [15] , ODB [16] , rrnDB [17] and DOOR [8, 18] .
The first DOOR database was developed in 2006. Its operon prediction algorithm looks for a maximal sequence of adjacent genes on the same DNA strand without disruption on the opposite strand such that each pair of the adjacent genes has conserved neighboring relationship in some other genomes; their intergenic distances are within some threshold; and are functionally related [8, 18] . This simple working definition of operon has made the prediction both reliable and stable. Specifically, the core of the algorithm is a classification method. The program classifies each pair of adjacent genes into two classes: in or not in the same operon, using five features: the intergenic distance, conservation level of the two genes in the same neighborhood across other genomes, functional relatedness measured using phylogenetic distances between the two genes, the ratio between the lengths of the two genes and frequencies of certain predefined DNA motifs in their intergenic region [5] . Among these features, the intergenic distance is the highest discerning feature in predicting if a pair of adjacent genes is in the same operon. The training of the classifier was done on experimentally validated operons in a few organisms, including E. coli and Bacillus subtilis. The operon prediction pipeline is given in Figure 2 .
Two separate classifiers are trained and used depending on whether the target genome has a substantial number of experimentally identified operons. For those with such identified operons, a nonlinear decision tree-based classifier is used to make the prediction. When tested on B. subtilis and E. coli genomes, the prediction program achieved accuracy levels at 90.2 and 93.7%, respectively [5] . For genomes without such operons, a linear logistic classifier is found to be most reliable, with the minimum false-positive rates [5] . When tested on E. coli and B. subtilis without applying their operon information, this predictor has prediction accuracies at 84.6 and 83.3%, respectively [7] . The prediction program of DOOR was ranked as the best operon predictor by an independent review in 2013 [19] in terms of prediction accuracy [18] .
The first version of DOOR had operons for 675 complete prokaryotic genomes, totaling 450 986 operons, predicted using the above algorithms. The DOOR database supports the following tools to enable a user to use its operons for functional studies: (i) a search tool allowing a user to find operons by gene names and operon size in desired genomes; (ii) a prediction capability for cis-regulatory binding sites using a combination of two predictors MEME [20] and CUBIC [21] , which enables a user to search for potentially co-regulated operons in a genome; (iii) general statistics about operons encoded in each genome along with the relevant literature; and (iv) an operonWiki to facilitate interactions between a user and the developer [18] .
DOOR2: more genomes and transcriptomic data
With the rapid increase in the complete prokaryotic genomes and the growing popularity of DOOR, we developed an updated version of the database, DOOR2, in 2013 [8] . Two major changes are made in this version. First, the number of genomes is increased to 2072, three times of the original size, which consists of 1939 complete bacterial genomes and 133 complete archaeal genomes, covering 2205 chromosomes and 1645 plasmids [8] . For these genomes, 1 323 902 multigene operons is predicted, averaging 583 such operons per chromosome and 24 operons per plasmid, along with 2 578 949 single-gene operons. In addition, the database has 6408 verified cis-regulatory binding motifs for transcription factors spanning 203 genomes, and 3 456 718 Rho-independent terminators for 2072 genomes. Furthermore, the database has 6 975 454 pairs of conserved operons across different genomes. Functionally, housekeeping biological processes such as cell division, translation, electron transport chain for aerobic/anaerobic respiration, ATP production and thiamine biosynthesis have the highest percentage of conserved operons, as exemplified in Figure 3 .
Given the increasing availability of RNA-seq data for complete genomes, DOOR2 also includes such data from the public domain, which can be used to elucidate TUs encoded in a genome. Currently, DOOR2 contains predicted TUs for 24 genomes, which we expect to increase significantly in the next release of the database.
Like the previous version, DOOR2 provides the following tools in support of basic and advanced applications of its operon information: (i) a predictor for TUs based on given operons and RNA-seq data of a specified genome, in support of inference of the dynamic variants of the operons under specified conditions; (ii) a computer program for mapping orthologous genes across genomes, in support of analyses of operon evolution and biological pathway mapping across genomes; (iii) a search capability, developed using MySQL, to enable a user to retrieve information stored in the database, including operons, TUs, cis-regulatory motifs and terminators for individual operons and conserved operons across multiple genomes using queries containing terms such as species name, operon ID and/or gene name; (iv) operon predictors as described in the previous section, which allows a user to predict operons in a genome that is not currently in the DOOR2 database; and (v) a genome browser is also developed to support visualization of selected operons along with TU structures under multiple conditions, if such data are available [8] .
For operon prediction in a specified genome, DOOR2 requires three input files: a file containing gene locations in the target genome (*.gff or *.gtf file), protein sequences (*.faa file) and the nucleotide sequence (*.fna file) of the entire genome, where the three files are used to derive the genomic features needed to train our classification model (Figure 2 ). For output, DOOR2 automatically sends an e-mail to the user once the computing job is done, which contains a link to the results page, containing various information as shown in Figure 4 .
DOOR2 has been widely applied by researchers in a variety of areas. Overall, three types of technical applications have been frequently used by users of the database and tools: operon data retrieval, operon prediction for newly sequenced genomes and utility tools for new information discovery ( Figure 5 ). These applications also span a wide range of research areas. For example, a specific application area is in biomedical research. In this regard, DOOR is usually used for prediction or retrieval for operons involved in virulence [22] or regulation [23] . Besides these individual third-party applications, we introduce the general applications of our DOOR-based tools in further deriving biology knowledge from available prokaryotic genomes in the following sections.
From genomic structures to functional inference
With the rapid accumulation of large quantities of gene expression data generated for various prokaryotes, researchers can study the functionalities of the predicted operons in a systematic manner. Here, we highlight a few examples to demonstrate how functional analyses can be done through integrated 
TU prediction based on gene expression data
We have developed a program, SeqTU, for predicting TUs based on provided RNA-seq data ( Figure 1B and C) [6] . SeqTU predicts the genomic boundaries of TUs based on two features measuring the RNA-seq expression patterns across a target genome: expression-level continuity and variance. Intuitively, two consecutive genes in the same TU should not (i) have substantial gaps in the expression profile across the intergenic region between the two genes, based on the definition of a TU; and (ii) have large variations in their gene expression levels across the two coding regions. SeqTU predicts a pair of consecutive genes on the same genomic strand to be in the same TU if both conditions are met [6] . A total of 2590 TUs have been predicted based on available RNA-seq using SeqTU [6, 7] and stored in DOOR2. In total of 44% of these TUs have multiple genes. Figure 4B shows one example of multiple TUs of the same E. coli operon.
SeqTU has a training program that allows users to train an organism-specific TU predictor based on user-provided gene expression data. The software is now part of the DOOR2 package [8] .
Prediction and application of cis-regulatory motifs
We developed a computational algorithm BOBRO for the prediction of cis-regulatory binding sites in prokaryotic genomes [24] and implemented it as a Web server DMINDA [25, 26] . This Webbased tool has been integrated into the DOOR2 package in support of cis-regulatory motif prediction for identified operons and TUs ( Figure 1B) . Such a capability has proved to be essential for elucidation of transcription regulatory networks encoded in a prokaryotic genome. The cis-motif prediction program runs as follows: it first assesses the possibility of each position in a promoter region to be the start of a cis-regulatory motif, and it then distinguishes the actual conserved motifs from the accidental ones based on the concept of motif closure [24] . These two steps make BOBRO substantially sensitive and selective in conserved motif identification against a noisy background. where each bubble represents a GO Biological Function and overlapping bubbles are for overlapping GO functions (e.g. the electron transport chain for aerobic/anaerobic respiration). The size of a bubble represents the level of a term in the GO's functional hierarchy, specifically the higher a term in the hierarchy, the larger the bubble, and the color of a bubble indicates the P-value.
A key application of such a prediction capability is to identify operons or TUs that share conserved cis-regulatory binding sites in their promoter regions, for prediction of transcriptionally coregulated and possibly functionally related operons. These operons or TUs constitute a regulon regulated by a transcription factor that binds to such conserved motifs, which may be involved in functionally associated pathways in response to specific conditions. To further support such applications, we have integrated a new feature: identification of co-occurring cisregulatory motifs in the same promoter region, into the motif prediction package. This feature enables elucidation of coregulated operons/TUs by multiple transcription factors [27, 28] . 
Co-expression analyses of operons
A complementary approach to inference of transcriptionally coregulated operons and TUs to the above motif-based method is through identification of co-expressions of such operons. Knowing that transcriptional co-regulation of operons/TUs are generally condition-dependent, we only aim to find operons/ TUs that are co-expressed under some but not necessarily all conditions. This requires a class of more powerful clustering techniques than the traditional clustering methods, namely, biclustering algorithms, also referred to as two-dimensional clustering [29, 30] . These techniques should be able to detect groups of operons/TUs, whose correlation (co-expression) exists under (to be identified) subsets of all conditions.
We have previously developed a bi-clustering algorithm QUBIC using a graph-theoretical approach [31] [32] [33] (Figure 1D ). Compared with similar bi-clustering programs, QUBIC solves the general bi-clustering problems more efficiently, and is capable to solving problems with tens of thousands of genes and up to thousands of conditions in a few minutes of the CPU time on a desktop computer. This program will be integrated into the next version of the DOOR database (under development). Figure  6 shows an example of two large bi-clusters ( Figure 6A ) and their levels of co-expressions ( Figure 6B ).
Operon evolution and global genomic organization
Here, we show four examples to illustrate how operon data can be used to derive higher-level and more complex information encoded in prokaryotic genomes.
Uber-operons: the footprint of operon evolution
By studying conservation among groups of operons that are functionally related, we found that some unions of operons have conserved gene list across genomes, with each such union of operons called a uber-operon [34] . We have previously developed an algorithm for uber-operon prediction through identifying two groups of functionally related operons in a target genome versus a set of reference genomes, whose gene sets are conserved between the target and the reference genomes [12] . Using this algorithm, we have predicted 158 uber-operons containing 1830 genes (40% of all genes) in E. coli K12 against 90 reference genomes [12] . Interestingly, the level of functional relatedness among genes in the same uber-operons is higher than that among genes in the same regulons but lower than that among genes in the same operons in E. coli K12. The functional relatedness is measured based on closeness of KEGG pathways and path distance of gene ontology (GO) terms of the genes [35] . These different levels of functional relatedness between gene scopes suggest that genes in the same uber-operons are functionally related. As the component operons in the same uberoperons may not necessarily be transcriptionally co-regulated, uber-operons provide a novel way to derive functionally associated operons, such as pathways, independent of regulons [12] , each of which represents a collection of transcriptionally coregulated operons.
Orthologous gene identification based on operons
Accurate identification of orthologous genes across genomes is the most basic step in comparative genomics but remains to be solved. We developed a computer tool GOST [11] for orthologous gene mapping across prokaryotic genomes. Compared with all the earlier methods that solely rely on gene sequence similarity, GOST identifies orthologous genes among homologous genes with an additional criterion: orthologous genes between two genomes should have homologous working partners in their respective genomes. Two genes in a genome are considered as working partners if they belong to a common operon or uberoperon [34, 35] . Figure 7 shows a few examples of accurately identified orthologous genes across two genomes [12] .
Pathway mapping based on conservation of operons across genomes
Accurate mapping of known biological pathways from one prokaryotic organism to another is an important issue when annotating newly sequenced prokaryotic genomes. Existing methods based on gene mapping through sequence homology often leads to incorrect results because sequence similarities alone do not contain sufficient information for correct identification of orthologs. We have developed an algorithm, P-MAP, for pathway mapping across genomes of different prokaryotic species, which integrates both sequence similarity and genomic synteny information defined by operons [36, 37] . Specifically, the algorithm identifies orthologous genes across genomes among Green nodes represent genes in bi-cluster #1 and red nodes for genes in bi-cluster #2. The larger a node, the higher its degree of presence in the co-expression network, and the thicker an edge, the higher the co-expression level.
homologous genes, which also share homologous working partners. Our analysis on a number of known homologous pathways shows that using genomic synteny information as constraints can greatly improve the pathway-mapping accuracy over methods that use sequence similarity information alone [36] .
Elucidation of the global organizing principle of operons in prokaryotic genomes
The availability of genome-scale operons has also made it possible to study whether the global arrangement of operons in a prokaryotic genome is arbitrarily determined or follows some organizing rules, beyond functional studies of prokaryotic genomes. We have previously conducted a series of studies on potential determinants in the global arrangement of operons in a genome [9, 13, 38] . One observation is that operons for pathways with higher frequencies of transcriptional activation tend to be more closely clustered together in the host genome [13] . Further analyses revealed that such pathways with higher frequencies of transcriptional activation tend to have their operons arranged in a fewer supercoils, the basic folding units in a prokaryotic DNA, which are typically 10-15 kbps long [10] . Our postulation is that prokaryotes have evolved to minimize the total energy needed for folding and unfolding supercoils to enable transcription of operons that need to be activated throughout the life cycle of the organism. Our computational simulation analyses through randomly reshuffling a genome strongly confirmed our hypothesis [9, 13, 38] . This represents the first determinant for the global arrangements of operons in a prokaryotic genome.
Summary and outlook
Operons and TUs are the basic functional units in prokaryotes. Their accurate identification serves as the basis of a wide range of biological studies of prokaryotes. We have developed and maintained an operon database DOOR in the past decade as our service to the research community of bacterial and archaeal organisms. Here, we reviewed the information stored in the DOOR database along with a suite of tools associated with the database in support of operon-based analyses and information discovery. In addition, we have showed a few examples of how operons can be used to not only derive higher-level functional information encoded in a genome but also enable computational studies of fundamental principles in terms of the global organization of operons in a genome. A major challenge to us, the developer of the DOOR database, is to keep up with the rate of prokaryotic genome sequencing. We are currently working toward the next version of the DOOR database to include 7000 complete prokaryotic genomes, along with deployment of additional tools needed to mine such large collections of operons and TUs.
Key Points
• DOOR is an operon database consisting of 1 323 902 multigene operons and 2 578 949 single-gene operons in 2072 complete genomes. To facilitate using and mining the data in DOOR, a suite of utility tools has been developed and integrated into DOOR.
• With the increasing availability of genome-scale transcriptomic data for prokaryotes, increasingly more TUs have been integrated into DOOR, to facilitate systems-level studies of the biology of prokaryotes. 
